Abstract. The free electron laser (FEL) which is currently under construction at the DESY laboratory should deliver a photon beam in the vacuum ultraviolet (VUV) range. Coherent radiation of the FEL will soon allow for testing of the matter-electromagnetic field interaction under very exotic conditions. In this paper we study the ionization of a hydrogen atom by the intense (about 10 16 W cm −2 ) beam of photons with energies of 17 eV. We compare exact numerical results with predictions of the perturbation theory showing the limits of its applicability and discussing requirements for the FEL pulse parameters which are necessary for observation of non-perturbative phenomena.
The rapid development of powerful pulsed lasers operating in the optical domain has initiated great interest in the study of the response of atoms, molecules and also large clusters to a strong electromagnetic field. It is now possible to produce at laboratory scale pulses with the electric field significantly exceeding typical electron binding fields in the above-mentioned objects. At these intensities, interaction of the electromagnetic field with matter has a highly nonlinear character, which leads to a number of unexpected phenomena. Among them the most celebrated examples are: above-threshold ionization (ATI), multi-electron ionization of atoms, stabilization of atoms, high-harmonic generation, and Coulomb explosion of molecules and clusters [1] . Description of these phenomena is difficult because of their non-perturbative and nonlinear character. Processes involving many electrons are particularly complex and therefore less understood.
Currently we are facing another breakthrough in laser technology. The free electron laser (FEL) project at the TESLA test facility at the DESY laboratory should be completed around the year 2000 [2] . In the first stage the FEL amplifier, based on the self-amplification of spontaneous emission (SASE), will operate at electron beam energies of up to 390 MeV and will allow production of photons with energies from 17 eV up to 30 eV at intensities of 10 16 W cm −2 . The typical duration of the FEL pulse is expected to be equal to a few picoseconds. The pulse will comprise a train of about 100 coherent pulses of the characteristic coherence time of the order of 10 fs.
Ionization of multi-electron atoms (Cl and Xe) by the vacuum ultraviolet (VUV) FEL in the realistic range of parameters has, for the first time, been studied recently by Brewczyk and Rzażewski [3] . They showed that in the range of frequencies from 17 eV up to 30 eV, over-the-barrier ionization of valence electrons is strongly suppressed as compared with the optical regime. Their approach, based on the hydrodynamic formulation, due to the extreme complexity of the problem is limited to one spatial dimension only.
In this paper we study the ionization of a hydrogen atom by the intense (but not superstrong) pulse of the extreme ultraviolet electromagnetic field of photon energy equal tō hω = 17 eV, which is larger than the hydrogen ionization energy, E I = 13.6 eV. We choose this case because the dynamics involves only one electron which makes the related physics very clear: the process is described by the single-particle time-dependent Schrödinger equation which can be solved numerically without any model approximations. Therefore, the simplicity of the hydrogen atom has great advantages. It allows, at least in principle, for the understanding of the underlying physics in relatively simple terms. On the other hand, our precise quantitative results provide a kind of 'benchmark' and should be useful in the early stages of testing the new FEL source.
Use of the time-dependent quantum mechanics is required for the analysis of ionization of a hydrogen atom by the laser pulses. The dynamics is given by the Schrödinger equation:
where we use atomic units and where H 0 is the hydrogen atomic Hamiltonian; A(t) is the vector potential of the field; E(t) = −(1/c)∂A(t)/∂t, and r, p are the relative position and momentum of the electron-nucleus system. In equation (1) we have used the dipole approximation and the 'velocity' form for the interaction Hamiltonian. In order to describe the pulsed light we will assume the following form of the vector potential:
In the above formula A 0 is an amplitude of the potential, ω is the frequency of the laser light and e z is the unit vector in the z direction. f (t) is, compared with the optical period, a slowly varying envelope. The solution of equation (1) has to be found numerically. Our method is based on the expansion of the atomic wavefunction on the basis of Coulomb-Sturmian functions. The close link between the Coulomb-Sturmian functions and the hydrogen radial functions make this basis very convenient: (1) both the atomic and interaction Hamiltonian can be very easily expressed in the Sturmian basis and all matrix elements are analytically available; (2) the total Hamiltonian matrix is sparse. Details of the numerical method can be found in [4] .
In our calculation we assume that f (t) has a form
where t on and t off are the turn-on and turn-off time, respectively, while t d is the total duration of the pulse. We choose two particular sets of these parameters: (1) the 'sine-squared pulse' of total duration t d = 40 T (T = 2π/ω = 0.24 fs), t on = t off = 20 T ; (2) a 'flat pulse' with the sine-squared turn-on and turn-off shape and with a flat plateau-the total pulse duration t d = 80 T , t on = 20 T , and t off = 60 T . Below we discuss the main predictions of the theory of ionization of a hydrogen atom (applied to the studied range of parameters) and compare these with our numerical results. The ionization process can be approximately cast into one of the following categories: (1) photon absorption in an oscillatory field at low intensities, (2) tunnelling or over the barrier escape with a strong field. The ratio γ of the tunnelling time (i.e. the width of the barrier divided by the electron velocity) to the optical period is known as the adiabaticity parameter or the Keldysh parameter and is generally used to separate the two regimes:
where U p is the ponderomotive potential,
E I is the ionization potential and E is the electric field strength. The intensity which separates these above-mentioned distinct regimes is equal to I = 1.37 × 10 16 W cm −2 for photons of energyhω = 17 eV. This intensity should be compared with an intensity corresponding to the electric field from the nucleus as seen by an electron in the ground state, i.e. to the atomic unit of laser intensity: I 0 = 3.5 × 10 16 W cm −2 . At relatively low intensities I I 0 , the Keldysh parameter is large, γ 1, and photon absorption dominates over the tunnelling. At higher intensities the electron can be released through over-the-barrier escape and the ionization tends towards a dc-field process, γ 1. In the VUV range of frequencies and low intensities, I
I 0 , one-photon absorption is described by the first order of the perturbation theory [5] and the total cross section for such a process is given by
where
2 ) is the Thomson scattering cross section, α is the fine structure constant and the function g(ξ ) takes into account the Coulomb interaction in the final state,
where ξ 2 is the ratio of the ionization potential to the kinetic energy of the photoelectron:
In the limit ofhω E I the factor g(ξ ) approaches a value equal to one and the total cross section (6) decreases with frequency as ω −7/2 . In the case of a hydrogen atom exposed to the VUV pulse of 17 eV photon energy the ionization cross section is equal to
A typical timescale for the ionization process is related to the ionization rate R(I ) = σ 1 (I /hω) which, for the atomic unit of intensity, is equal to
The photoionization yield P for ionization with one photon is proportional to the intensity of an applied field, I , and the effective duration time. For the pulses given by equation (3) this time is equal to t off , hence the ionization yield is of the form P = R(I )t off . Electrons will be emitted until the end of the pulse, if the state from which they originate does not become depleted. This happens in the proximity of the saturation intensity: Taking the depletion of the initial state into account, the ionization rate during the pulse decreases exponentially with time, which leads to the following expression for the ionization yield:
In figure 1 we show the total ionization yield as a function of the peak pulse intensity for two different pulse durations. It is clearly shown that our numerical calculations agree remarkably well with the predictions of equation (12) based on the perturbation theory. For smaller intensities the ionization probability grows linearly with the peak intensity. The ionization yield saturates at a value close to one for an intensity of about 10 15 W cm −2 . However, in the case of pulse (1) (shorter duration t d = 40 T ≈ 10 fs) and for intensities as large as I = 10 18 W cm −2 , we see signatures of the stabilization effect (see the inset in figure 1 ). It is worth stressing that in the optical regime the non-perturbative effects occur at much lower (by several orders of magnitude) intensities.
The lowest-order perturbation theory predicts that photoelectron energy is equal to E 1 =hω − E I . In addition to electrons concentrated around the energy E 1 , one finds photoelectrons of energies
corresponding to the absorption of N photons, i.e. higher-order processes. Therefore, the spectrum of photoelectrons should exhibit a number of peaks separated by the photon energy. In general, the cross section for the absorption of N photons scales with the intensity as I N . This feature is illustrated in figure 2 which shows typical photoelectron spectra calculated numerically. In the low intensity fields (full curve) the three first ATI peaks are clearly visible. A regime where the photon absorption is responsible for the ionization is traditionally called the multi-photon regime. Any deviations from this behaviour signify non-perturbative processes. The dashed and dotted curves in figure 2 illustrate the photoelectron spectra in the case when the intensity of an incident field was high. As the intensity grows the consecutive peaks become broader and finally they almost disappear. In fact, for the intensity 10 18 W cm −2 only the first two maxima are visible. At large photoelectron energies a very broad flat feature is produced instead. It is interesting to compare the probability of the one-photon and two-photon processes. The one-photon ionization probability can be obtained by integrating the photoelectron spectrum over the energy interval characteristic for the width of the first peak (cf figure 2) . Similarly, the two-photon ionization yield is related to the area under the second peak. By fitting the Gaussian function to an appropriate feature in the photoelectron spectrum we can estimate the corresponding ionization yield as well as a width related to each particular ATI peak. In figure 3 we present ionization probabilities for the one-and two-photon processes. In the low intensity region they grow as I N (N = 1 for the first peak and N = 2 for the second) in agreement with the perturbation theory. That can be seen by comparing the initial slope of both curves in figure 3. For higher intensities both probabilities saturate. The inset in figure 3 shows, however, that for intensities higher than I = 10 16 W cm −2 the yield of the single-photon process decreases while the two-photon absorption probability grows. This behaviour is a signature of the peak-switching phenomenon. However, for parameters studied in this paper this effect is not very spectacular. In the case of a monochromatic field and low intensities a width of individual peakh (I ) is related to the ionization rate, (I ) = R(I ) [6] . In the cases studied here we use rather short pulses of the electromagnetic field. The spectral width of the pulse ω ≈ 1/t d is large. Its value is equal to ω ≈ 10 14 s −1 . Comparison with equation (10) shows that the width of peaks in the photoelectron spectrum is dominated by the spectral width of the pulse,h ω hR(I ), up to intensities of about I 10 14 W cm −2 . For higher intensities the width of the energy peaksh does not depend on the pulse duration as the peaks get much broader. It can be related, due to the Heisenberg uncertainty principle, to the characteristic timescale, t int , of a given ionization process, t int ≈ −1 . In figure 4 we present the effective interaction time (measured in units of the period of oscillations of the external field) for one-and two-photon processes. The were computed by fitting the Gaussian function to an appropriate feature in the photoelectron spectrum. In the low intensity regime the interaction time is determined by the pulse duration. The interaction time for two-photon ionization is smaller than the corresponding time for a one-photon process because at the beginning and end of the pulse the intensity is low and within those periods the effect of two-photon ionization is negligible. For higher intensities both one-and two-photon timescales become comparable and are of the order of several (about two) periods of the field oscillations. This indicates that the hydrogen atom becomes depleted at quite a well defined saturation intensity. Such a scenario was proposed many years ago by Lambropoulos in the optical regime of frequencies [7] .
In conclusion, we wish to say that our full numerical treatment shows that the process of ionization of the hydrogen atom by an extreme VUV pulse (photon energy equal to 17 eV) can be satisfactorily described by perturbation theory in the case when the Keldysh parameter is larger than one, γ > 1, i.e. up to intensities of about 10 15 W cm −2 . Some signatures of the non-perturbative phenomena, such as stabilization and relative diminishing of the first ATI peak, were observed for intensities larger than 10 16 W cm −2 . At these intensities the characteristic timescale for the one-and two-photon ionization is very short and equal to about 0.5 fs. The FEL under construction at the DESY laboratory will produce pulses of much larger time duration ( 0.5 ps). Such relatively long and slowly growing pulses will totally ionize the hydrogen atom during the switching time, i.e. in the regime of intensities where the total process is described by the perturbation theory. In order to observe non-perturbative phenomena the realistic VUV pulses generated by the FEL should be characterized by a very short turn-on time. This timescale ought to be of the order of a single femtosecond.
